) is a powerful regulator of platelet formation. Enzymes generating S1P include sphingosine kinase 1. The present study thus explored the role of sphingosine kinase 1 in platelet formation and function. Activationdependent platelet integrin ␣IIb␤3 activation and secretion of platelets lacking functional sphingosine kinase 1 (sphk1 Ϫ/Ϫ ) and of wild-type platelets (sphk1 ϩ/ϩ ) were determined utilizing flow cytometry and chronolume luciferin assay. Cytosolic Ca 2ϩ activity ([Ca 2ϩ ]i) and aggregation were measured using fura-2 fluorescence and aggregometry, respectively. In vitro platelet adhesion and thrombus formation were evaluated using a flow chamber with shear rates of 1,700 s Ϫ1 . Activation-dependent increase of [Ca 2ϩ ]i, degranulation (release of alpha and dense granules), integrin ␣IIb␤3 activation, and aggregation were all significantly increased in sphk1 Ϫ/Ϫ platelets compared with sphk1 ϩ/ϩ platelets. Moreover, while platelet adhesion and thrombus formation under arterial shear rates were significantly augmented in Sphk1-deficient platelets, bleeding time and blood count were unaffected in sphk1
PLATELETS ACCOMPLISH PRIMARY hemostasis following vascular injury and by the same token contribute to the development of acute thrombotic occlusion with subsequent disruption of tissue perfusion leading, e.g., to myocardial infarction and ischemic stroke (15, 40) . Platelets further participate in the pathopysiology of a wide variety of further clinical disorders, such as cancer (22) , inflammation (7, 47) , and host-pathogen interaction (28, 47) . Stimulators of platelets include subendothelial collagen, adenosine diphosphate (ADP), thromboxane A 2 (TXA 2 ), thrombin, or collagen-related peptide (CRP) (8, 30) . Activation of platelets leads to degranulation, aggregation, thrombus formation, and thus vascular occlusion (9, 10) . Thrombin and CRP trigger platelet integrin ␣ IIb ␤ 3 activation and degranulation by increasing intracellular calcium concentration ([Ca 2ϩ ] i ) (27) , which finally results in cytoskeletal reorganization (13) .
In mast cells, intracellular Ca 2ϩ is rapidly and transiently increased by spingosine kinase 1 (31) . Furthermore, sphingosine 1-phosphate (S1P) mobilizes intracellular Ca 2ϩ in mast cells in an inositol triphosphate (IP 3 )-dependent manner (29) . In other cell types, sphingosine kinases regulate [Ca 2ϩ ] i by influencing voltage-gated Ca 2ϩ channels (6) or by activating the store-operated calcium entry (21) . Sphingosine kinases and sphingosine 1-phosphate (S1P) further regulate platelet formation by megakaryopoiesis (19) . They are effective by upregulating Src family kinases in megakaryocytes (55) . Megakyocytes express the S1P multifunctional receptor S1pr1, and S1P signaling is an important prerequisite for proper thrombopoesis (54) . Thus S1pr1-deficient megakaryocytes showed impaired migration of proplatelet extrusions in the circulatory compartment and impaired proplatelet shedding. Beyond that hematopoetic-specific knockout of S1pr1 leads to severe thrombocytopenia (19) .
In other cell types, S1P participates in the regulation of cell migration, proliferation, and cell adhesion (25, 37) , as well as angiogenesis, atherosclerosis, and inflammation (11, 23, 37, 43) . Furthermore, S1P is heavily produced and secreted from activated platelets (53) . In human platelets, S1P release after thrombin stimulation is mainly dependent on thromboxane formation (48) .
Besides its described effect on megakaryopoiesis and proplatelet formation, the effect of S1P on platelet function is discussed controversially. On the one hand, S1P and the related compound sphingosylphosphorylcholine were described as inhibiting factors of platelet function and aggregation (3, 35, 51) . On the other hand, S1P was described as activator of platelet aggregation, shape change, and calcium influx (38, 53) .
Enzymes generating the bioactive sphingolipid S1P include sphingosine kinase 1 and sphingosine kinase 2 (18, 34) , whereby the two isoforms seem to have overlapping functions since inactivation of neither gene product elicits phenotypical changes. Interestingly, sphingosine kinase 2 is mainly located in the nucleus of megakaryocytes (55) , whereas sphingosine kinase 1 seems to be located in the cytoplasm and the inner leaflet of the plasma membrane (2) . While both isoforms are expressed in platelets, sphingosine kinase 1 seems to be the most important isoform in platelets (48) . Furthermore, spingosine kinase 1 is able to disrupt the cyooxygenase-2 (COX-2) signaling, thus decreasing PGI 2 and increasing thromboxane formation (14) .
Despite the strong impact of sphingosine kinase 1 and its metabolite S1P on platelet function and signaling, the role of sphingosine kinase 1 in the regulation of platelet function is still ill defined. The present study thus explored the role of sphingosine kinase 1 in platelet activation and Ca 2ϩ signaling. To this end platelets have been isolated from gene-targeted mice lacking functional sphingosine kinase 1 (sphk1 Ϫ/Ϫ ) and from their wild-type littermates (sphk1 ϩ/ϩ ).
MATERIALS AND METHODS
Chemicals and antibodies. Platelets were activated using collagenrelated peptide (Richard Farndale, University of Cambridge, Cambridge, UK) or thrombin (Roche). Fibrinogen (Enzyme Research Laboratories) was used for aggregation studies. Sphingosine kinase 1 inhibitor SK1-I was purchased from Enzo Lifescience. Fluorophorelabeled antibodies for P-selectin (Wug.E9-FITC) and activated integrin ␣ IIb␤3 (JON/A-PE) as well as the corresponding isotype-matched control antibodies (Rat IgG FITC and Rat IgG PE) were purchased from Emfret Analytics. Fluorophore-labeled antibody for CD45 was purchased from BD Pharmingen and used for analysis of plateletleukocyte coaggregation in flow cytometry.
Mice. Sphingosine kinase 1 knockout mice (sphk1 Ϫ/Ϫ ) and their wild-type littermates (sphk1 ϩ/ϩ ) were generated and bred on a C57BL/6 background as described elsewhere (2) . Animals were genotyped by PCR. For experiments, both male and female mice were selected. All animal experiments were conducted according to the German law for the welfare of animals and were approved by local authorities. The investigation conforms to the Directive 2010/63/EU of the European Parliament.
Preparation of mouse platelets. Platelets were obtained from 10-to 12-wk-old sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ mice of either sex as described previously (7) . The mice were anesthetized with isoflurane, and blood was drawn from the retroorbital plexus into anticoagulated tubes. Blood parameters were analyzed with pocH-100iv automatic hematology analyzer (Sysmex). Platelet-rich plasma (PRP) was obtained by centrifugation at 260 g for 5 min. Afterwards, PRP was centrifuged at 640 g for 5 min to pellet the platelets. Where necessary apyrase (0.02 U/ml; Sigma-Aldrich) and prostaglandin I 2 (0.5 M; Calbiochem) were added to the PRP to prevent activation of platelets during isolation. After two washing steps, the pellet of washed platelets was resuspended in modified Tyrode-HEPES buffer (pH 7.4, supplemented with 1 mM CaCl 2).
Blood parameters. For examination of the blood parameters, 100 l of blood from sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ were drawn and collected in heparinized tubes. Afterwards, analysis was done with a KX21-N automatic hematology analyzer (Sysmex).
Cytosolic Ca 2ϩ concentration. Washed murine platelets were suspended in Tyrode buffer without calcium and loaded with 5 M fura-2 acetoxymethylester (Invitrogen) in the presence of 0.2 g/ml Pluronic F-127 (Biotium) at 37°C for 30 min as described previously (9) . Loaded platelets, washed once and resuspended in Tyrode buffer containing 1 mM Ca 2ϩ , were activated with the indicated agonists. Calcium responses were measured under stirring with a spectrofluorimeter (LS 55; PerkinElmer) at alternate excitation wavelengths of 340 and 380 nm (37°C). The 340/380 nm ratio values were converted into nanomolar concentrations of [Ca 2ϩ ] by lysis with Triton X-100 (Sigma-Aldrich) and a surplus of EGTA. Where indicated 0.5 mM EGTA (Roth) or 50 M 2-APB (Sigma-Aldrich) were added to the Tyrode buffer before the Ca 2ϩ measurement. ATP release. ATP release was determined to study secretion of dense granules as described previously (10) . To this end, platelets were treated with different agonist concentrations. For determination of ATP release, the isolated platelets were adjusted to a concentration of 250 ϫ 10 6 platelets/l. After calibration of one sample with the ATP standard (ChronoLog, Havertown, PA), the ATP concentration was determined utilizing the ChronoLume luciferin assay (ChronoLog) on a luminoaggregometer (model 700; ChronoLog) according to the manufacturer's protocol. Where indicated the platelets were pretreated for 30 min with the sphingosine kinase 1 inhibitor SK1 (10 M).
Flow cytometry. Two-color analysis of mouse platelet activation and platelet-leukocyte aggregates (PLA) was conducted using fluorophore-labeled antibodies for expression of P-selectin (Wug.E9-FITC), activated integrin ␣ IIb␤3 (JON/A-PE), and CD45 (APC) as described previously (33) . Heparinized whole blood was diluted 1:20 in modified Tyrode buffer and washed twice. After addition of 1 mM CaCl2, blood samples were mixed with antibodies and subsequently stimulated with agonists for 15 min at room temperature. The reaction was stopped by addition of PBS supplemented with calcium, and samples were immediately analyzed on a FACSCalibur flow cytometer (BD Biosciences). After a number of 10,000 collected events, the measurement was stopped and the analysis was done with the CellQuest Pro software (BD Biosciences).
Platelet aggregometry. Aggregation of isolated platelets at a concentration of 250 ϫ 10 6 platelets/l in Tyrode buffer pH 7.4 was estimated from light transmission determined with a luminoaggregometer (model 700; ChronoLog). After the measurement was adjusted according to the manufacturer's protocol, platelets were activated with thrombin or CRP at the indicated concentrations for 10 min at 37°C and a stir speed of 1,000 rpm. Analysis was performed with the Aggrolink8 software (ChronoLog).
Flow chamber. Heparinized mouse whole blood was diluted 1:3 in modified Tyrode buffer (2 mM CaCl 2) and perfused through a transparent flow chamber (slit depth: 50 m) over a collagen-coated surface (200 g/ml) with high (1,700 s Ϫ1 ) shear rates for 5 min as described previously (10) . After perfusion the chamber was rinsed for 5 min by perfusion with Tyrode buffer and pictures were taken from five to six different microscopic areas (using optical objectives ϫ20 and ϫ40; Carl Zeiss). Analysis was done with AxioVision software (Carl Zeiss), and the mean percent value of the covered area was determined. Where indicated the platelets were pretreated for 30 min with the sphingosine kinase 1 inhibitor SK1 (10 M).
Bleeding time. Mice were anesthetized, and a 3-mm segment of the tail tip was removed with a scalpel. Tail bleeding was monitored by gentle absorption of the blood with filter paper at 20-s intervals without making contact with the wound site. When no blood was observed on the paper, bleeding was considered to have ceased. Experiments were stopped after 20 min.
Statistical analysis. Data are provided as means Ϯ SE; n represents the number of experiments. All data were tested for significance using paired or unpaired Student t-test and one-way ANOVA with Dunnett's post hoc test. Results with P Ͻ 0.05 were considered statistically significant.
RESULTS
To explore the role of sphingosine kinase 1 in the regulation of platelet function, platelets were isolated from gene-targeted mice lacking functional sphingosine kinase 1 (sphk1 Ϫ/Ϫ ) and their respective wild-type littermates (sphk1 ϩ/ϩ ). Blood platelet counts and mean platelet volume (MPV) were similar in sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ mice (Table 1) indicating that sphingosine kinase 1 is not essential for platelet generation. Other hematological parameters were again similar in sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ mice (Table 1) . To examine the sphingosine kinase 1-dependent degranulation of platelet alpha and dense granules in sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ mice, activation-dependent P-selectin exposure (alpha granules) and ATP release (dense granules) were determined using flow cytometry and luminescence (Fig. 1) . As a result, stimulation of platelets with either CRP (5 or 10 g/ml), thrombin (5 or 20 mU/ml), or 10 M ADP/3 M U-46619 was followed by a marked increase of P-selectin abundance at the platelet surface of both genotypes, an effect, however, signif-icantly higher in sphk1 Ϫ/Ϫ platelets than in sphk1 ϩ/ϩ platelets (Fig. 1A) . Platelet activation with thrombin (2.5 and 5 mU/ml) and CRP (0.1, 0.25, and 0.5 g/ml) further triggered ATP release, an effect again significantly more pronounced in sphk1 Ϫ/Ϫ platelets than in sphk1 ϩ/ϩ platelets (Fig. 1, B and C) . A further hallmark of activated platelets is the increased integrin ␣ IIb ␤ 3 activation. Thus integrin ␣ IIb ␤ 3 activation was determined utilizing antibodies in flow cytometry. The treatment of platelets with either CRP (5 or 10 g/ml CRP), thrombin (5, 20, or 100 mU/ml), or 10 M ADP/3 M U-46619 was followed by activation of integrin ␣ IIb ␤ 3 , an effect again significantly higher in sphk1 Ϫ/Ϫ platelets than in sphk1 ϩ/ϩ platelets ( Fig. 2A) . Following activation with low dose of CRP (0.25 g/ml) or thrombin (5 mU/ml), platelet aggregation was significantly higher in sphk1 Ϫ/Ϫ platelets than in sphk1 ϩ/ϩ platelets (Fig. 2, B and C) . In view of a significantly stronger integrin ␣ IIb ␤ 3 activation in resting platelets ( Fig. 2A) , the spontaneous aggregation of sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ platelets was examined. As shown in Fig. 2 , D and E, there was no significant difference between sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ platelets before and after fibrinogen/Ca 2ϩ induction (Fig. 2, D and E) . In addition, platelets from sphk1 Ϫ/Ϫ mice did not show spontaneous or activation-dependent formation of platelet-leukocyte aggregates (data not shown).
As the increase of [Ca 2ϩ ] i is expected to stimulate platelet degranulation and integrin ␣ IIb ␤ 3 activation, the [Ca 2ϩ ] i was estimated. As illustrated in Fig. 3 , the treatment of platelets with either thrombin (10 or 20 mU/ml; Fig. 3A ) or CRP (5 or 10 g/ml CRP; Fig. 3B ) was followed by a marked increase of [Ca 2ϩ ] i in platelets of both genotypes, an effect, however, again significantly higher in sphk1 Ϫ/Ϫ platelets than in sphk1 ϩ/ϩ platelets (Fig. 3) . Interestingly, the inhibition of the extracellular calcium influx via EGTA or 2-APB treatment abolished these increased [Ca 2ϩ ] i and no activation-dependent Arithmetic means Ϯ SE (n ϭ 12) of platelet count (Platelets), mean platelet volume (MPV), red blood cell count (RBC), hemoglobin concentration (HGB), hematocrit (HCT), and mean RBC volume (MCV).
Fig. 1. Agonist-induced granule release in platelets from sphk1
Ϫ/Ϫ and sphk1 ϩ/ϩ mice. A: arithmetic means Ϯ SE (n ϭ 6) of Pselectin exposure determined by flow cytometry in platelets from sphk1 ϩ/ϩ (black bars) and sphk1 Ϫ/Ϫ (grey bars) mice in response to collagen-related peptide (CRP; g/ml), thrombin (mU/ml), or ADP/U-46 (M) at the indicated concentrations. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, statistically significant difference from sphk1 ϩ/ϩ platelets. B: thrombin-dependent ATP release from sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ platelets. Original tracings (top) and arithmetic means Ϯ SE (n ϭ 8, bottom) illustrating the ATP concentration in the supernatant following stimulation of platelets from either sphk1 ϩ/ϩ (black) or sphk1 Ϫ/Ϫ (grey) mice with thrombin at the indicated concentrations. *P Ͻ 0.05, statistically significant difference from sphk1 ϩ/ϩ platelets. C: CRP-dependent ATP release from sphk1 ϩ/ϩ and sphk1 Ϫ/Ϫ platelets. Original tracings (top) and arithmetic means Ϯ SE (n ϭ 8, bottom) illustrating ATP concentration in the supernatant following stimulation of platelets from either sphk1 ϩ/ϩ (black) or sphk1
(grey) mice with CRP at the indicated concentrations. *P Ͻ 0.05, statistically significant difference from sphk1 ϩ/ϩ platelets.
difference between sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ platelets was detectable (data not shown).
To elucidate the relevance of sphingosine kinase 1 for pathologic thrombus formation, in vitro platelet adhesion to collagen-coated surfaces and thrombus formation under flow at high wall shear rates (1,700 s Ϫ1 ) were analyzed. As shown in Fig. 4A, sphk1 Ϫ/Ϫ platelets formed significantly more in vitro thrombi than sphk1 ϩ/ϩ platelets. Although platelets from sphk1 Ϫ/Ϫ mice showed a significantly increased activation-dependent ATP release and in vitro thrombus formation compared with their wild-type littermates, there were no significant effects on ATP release and in vitro thrombus formation by pharmacological inhibition via the sphingosine kinase 1 inhibitor SK1-I in wild-type mouse platelets (data not shown).
Despite the differences in degranulation, aggregation, extracellular Ca 2ϩ influx, and in vitro thrombus formation, the tail bleeding time was not significantly different between sphk1 Ϫ/Ϫ (344 Ϯ 77 s, n ϭ 14) and sphk1 ϩ/ϩ (296 Ϯ 92 s, n ϭ 14) mice (Fig. 4B) , suggesting that alteration of sphingosine kinase 1 is able to modulate in vitro thrombus formation and therefore thrombosis without altering this response to wounding.
DISCUSSION
The present study discloses a novel, powerful regulator of platelet activation and function. Lack of sphingosine kinase 1 augments Ca 2ϩ entry into platelets and subsequent activationdependent platelet degranulation, integrin ␣ IIb ␤ 3 activation, aggregation, and in vitro thrombus formation. Thus sphin- (grey bars) mice in response to CRP (g/ml), thrombin (mU/ml), or ADP/U-46 (M) at the indicated concentrations. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, statistically significant difference from sphk1 ϩ/ϩ platelets. B: representative tracings of aggregometry after stimulation of platelets from either sphk1 ϩ/ϩ (black) or sphk1 Ϫ/Ϫ (grey) mice with 0.25 g/ml CRP (top) or 5 mU/ml thrombin (bottom). C: arithmetic means Ϯ SE (n ϭ 7) of aggregometry after stimulation of platelets from either sphk1 ϩ/ϩ (black bars) or sphk1 Ϫ/Ϫ (gray bars) mice with either 0.25 g/ml CRP or 5 mU/ml thrombin. *P Ͻ 0.05, statistically significant difference from sphk1 ϩ/ϩ platelets. D: representative tracings of spontaneous platelet aggregation before and after addition of fibrinogen (100 g/ml)/Ca 2ϩ (1 mM) in platelets from sphk1 ϩ/ϩ (black line) and sphk1 Ϫ/Ϫ (dark grey line) mice or the appropriate vehicle control (light grey line). E: arithmetic means Ϯ SE (n ϭ 6) of spontaneous platelet aggregation in the presence of fibrinogen (100 g/ml)/Ca 2ϩ (1 mM) in platelets from sphk1 ϩ/ϩ (black bar) and sphk1 Ϫ/Ϫ (dark grey bar) mice or the appropriate vehicle control (light grey bar).
gosine kinase 1 downregulates Ca 2ϩ entry and Ca 2ϩ -sensitive platelet functions following activation with thrombin or CRP.
The present study does not address the exact mechanism involved in sphingosine kinase 1-dependent Ca 2ϩ entry and Ca 2ϩ -dependent platelet function. In theory, sphingosine kinase 1 could be effective by decreasing the concentration of the substrate sphingosine and its metabolites by increasing the concentration of the product S1P (45) or by direct interaction with signaling molecules and kinases. The substances could be effective by modifying either Ca 2ϩ entry or Ca 2ϩ extrusion. Besides its effect on sphingosine and S1P formation, sphingosine kinase 1 can affect cell functions and [Ca 2ϩ ] i by direct target interaction (6, 12) .
The substrate sphingosine may be converted by ceramide synthase(s) to ceramide (45) , which is known to modify Ca 2ϩ entry and Ca 2ϩ -sensitive cellular functions (32, 41) . Ceramide contributes to the formation of lipid rafts, cholesterol-enriched membrane microdomains that provide a platform for signaling pathways, such as redox reactions (24) . Ceramide increases the curvature and the bending rigidity of the membrane (16, 20) and thus modifies the membrane properties and degranulation of cells. However, platelets cannot accomplish de novo syn- thesis of ceramide (46) and thus depend on sphingomyelinase for ceramide production. Accordingly, activation-dependent ceramide formation, ceramide-dependent membrane scrambling, thrombin generation, and in vitro thrombus formation are significantly decreased in platelets from acid sphingomyelinase-deficient mice (33) . S1P regulates a wide variety of cellular functions, such as adhesion, migration, survival, and proliferation (25, 37) , all functions similarly regulated by Ca 2ϩ entry (26) . According to the present study, activation-dependent Ca 2ϩ influx after thrombin and CRP stimulation are significantly increased in platelets of sphingosine kinase 1-deficient mice. In mast cells, sphingosine kinase 1 activation via the IgE receptor results in fast and transient intracellular Ca 2ϩ increase (31) . Sphingosine kinase 1 regulates voltage-gated Ca 2ϩ channels as well as store-operated calcium entry (6, 21) and S1P intracellular Ca 2ϩ mobilization in RBL-2H3 mast cells (29) , which leads to an increased intracellular Ca 2ϩ level. In sphingosine kinase 1-deficient platelets, the Sphk2 isoform could in theory produce S1P thereby elevating intracellular Ca 2ϩ in sphk1 Ϫ/Ϫ platelets. Megakaryocytes do express Sphk2, which predominantly localizes to the nucleus (55) . Sphingosine kinase activity in mature platelets is restricted to the cell membrane and the cytosol (5). Thus sphingosine kinase 2 and sphingosine kinase 1 presumably serve different functions. Clearly, additional experimentation is required to fully elucidate the putative role of sphingosine kinase 2 in the regulation of platelet function.
Interestingly, lack of sphingosine kinase 1 did not appreciably modify platelet count, indicating that platelet formation does not require this enzyme. Instead sphingosine kinase 2 is required for megakaryopoeisis (55) . S1P participates in the regulation of platelet formation (19) . S1P is generated by both sphingosine kinase 1 and sphingosine kinase 2 (18, 34) . The S1P formation by sphingosine kinase 2 may be sufficient for adequate platelet formation but not for the regulation of platelet Ca 2ϩ entry and Ca 2ϩ -sensitive platelet functions. The importance of S1P as a signaling molecule in the regulation of blood flow, coagulation and inflammation is underscored by the high serum S1P levels in a low-micromolar range, whereas in tissues S1P approaches nanomolar concentrations (39) . Among blood cells, S1P is mainly stored in platelets, which lack the S1P-degrading enzyme S1P lyase (48) . S1P could be released after platelet activation (38) . Thus serum S1P may be mainly released by platelets (36, 52) . Since in sphingosine kinase 1 knockout mice the serum S1P levels but not the S1P levels in other tissues were dramatically decreased (2), it is tempting to speculate that the sphingosine kinase 1 isoform is mainly responsible for S1P production in platelets and that sphk1 Ϫ/Ϫ platelets release smaller amounts of S1P than sphk1 ϩ/ϩ platelets. Again, further experiments are needed to fully elucidate the origin of serum S1P in sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ mice. Sphingosine kinase 1 disrupts COX-2 signaling and positively regulates microsomal PGE synthase 1 (mPGES-1) (14) . Since sphingosine kinase 1 increases PGE 2 and decreases TXA 2 , it modifies platelet activity by influencing the balance between PGE 2 and TXA 2 concentration and production.
Hemostasis and thrombosis further depend strongly on the MAP kinase pathway (1, 4) , which is activated by sphingosine kinase in endothelial cells (44) . In neutrophils, sphingosine kinase 1 is a negative regulator of JNK activity, thus blunting inflammation and tissue injury (12) . Sphingosine kinase 1 may play a similar role in platelets and/or megakaryocytes. According to the present observations, sphingosine kinase 1 participates in the regulation of platelet secretion, which plays a decisive role in vascular inflammation and atherogenesis (7, 15) . Interestingly, the observed effects on platelet secretion were only apparent at low-dose stimulation with thrombin and CRP. Increasing the agonist concentration dissipated the observed differences in platelet secretion (P-selectin expression and ATP release) and integrin ␣ IIb ␤ 3 activation in sphk1 Ϫ/Ϫ and sphk1 ϩ/ϩ platelets, indicating that sphingosine kinase 1 inhibits the sensitivity of platelets to low-dose activation whereas platelet function after high-dose stimulation is not affected. These results indicate that higher agonist concentrations are able to activate alternative signaling pathways in platelets and thus bypass the sphingosine kinase 1-dependent desensitivation of platelet activation. Therefore, high agonist concentrations can abolish the observed inhibitory effect of sphingosine kinase 1 in platelet activation. Finally, sphingosine kinase 1 seems to decrease the sensitivity of platelets to low-dose stimulators of Ca 2ϩ entry and therefore to platelet activation.
Platelets contacting thrombogenic subendothelial collagen are recruited to the injured vessel wall (9) . Following translocation of the phosphatidylserine (PS)-exposing membrane, blebs and microvesicles stimulate the coagulation process by triggering assembly and activation of tenase and prothrombinase complex (17) . The conversion of activated platelets involves biochemical and morphologic changes similar to those observed in apoptotic cells (42) .
Platelets with impaired sphingosine kinase 1 may be particularly prone to thrombus formation under high shear stress, which is a function of platelet degranulation (9) . In this context, it is interesting that the tail bleeding time is unaffected in sphk1 Ϫ/Ϫ mice compared with sphk1 ϩ/ϩ mice. As described for the phosphoinositide 3-kinase/Akt pathway, the thrombus formation and the hemostatic plug formation after transection of the tail tip could show different results due to the divergent flow rates in both thrombus formation models (49, 50) . Our result thus indicate that sphingosine kinase 1-dependent defects in collagen-mediated in vitro thrombus formation require higher shear rates than those that appear in the small tail arteries and veins. Sphingosine kinase 1 deficiency may thus predispose to thrombotic complications, such as ischemic stroke or atherosclerosis, by increasing activation-dependent Ca 2ϩ signaling, platelet degranulation, aggregation, and thrombus formation under high arterial shear rates. Conversely, stimulation of sphingosine kinase 1 activity may be a therapeutic option to decrease the susceptibility to thrombotic complications.
In conclusion, the present observations identify sphingosine kinase 1 as a novel negative regulator of platelet Ca 2ϩ signaling, platelet degranulation, platelet aggregation, and thrombus formation. Thus stimulation of sphingosine kinase 1 may protect against thrombosis.
